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Marine organisms are highly sensitive to many environmental stresses, and consequently, the analysis of their bio-molecular re-
sponses to diﬀerent stress agents is very important for the understanding of putative repair mechanisms. Sea urchin embryos rep-
resent a simple though signiﬁcant model system to test how speciﬁc stress can simultaneously aﬀect development and protein
expression. Here, we used Paracentrotus lividus sea urchin embryos to study the eﬀects of time-dependent continuous exposure
to subacute/sublethal cadmium concentrations. We found that, between 15 and 24h of exposure, the synthesis of a speciﬁc set of
stress proteins (90, 72–70, 56, 28, and 25kDa) was induced, with an increase in the rate of synthesis of 72–70kDa (hsps), 56kDa
(hsp), and 25kDa, which was dependent on the lengths of treatment. Recovery experiments in which cadmium was removed showed
that while stress proteins continued to be synthesized, embryo development was resumed only after short lengths of exposure.
 2004 Elsevier Inc. All rights reserved.
Keywords: Stress proteins; Embryo development; Gel electrophoresis; Western blotRecent evidence suggests that exposure to diﬀerent
environmental toxicants, including heavy metals, may
cause a cascade of events, including the production of
reactive oxygen species. Among the heavy metals, cad-
mium is considered an important toxicant, whose muta-
genic, embryotoxic, and teratogenic potentials have
been extensively investigated [1]. Since it is a permanent
metal ion, which cannot be degraded by bacteria, it is
accumulated by many organisms and causes a series of
toxic eﬀects such as: increased production of reactive ox-
ygen species [2], depletion of glutathione [3], inhibition
of enzymes involved in DNA synthesis and repair [4],
and DNA single-strand breaks [5].0006-291X/$ - see front matter  2004 Elsevier Inc. All rights reserved.
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ibim.cnr.it (V. Matranga).Higher invertebrates and vertebrates, when exposed
to heavy metals, usually activate protection systems by
increasing the expression of metal binding proteins such
as metallothioneins and heat shock proteins (hsps) [6].
The increased expression of hsps (hsp70, hsp60, and
hsp27) in response to cadmium was demonstrated in
tissues and cells of many organisms, e.g., sponges [5],
Drosophila [7], nematodes [8,9], and human cells [10].
For many years the eﬀects of various toxicants, such
as cadmium, on marine invertebrate embryos, and in
particular on echinoderm larvae have been studied
[11,12]. Most of these studies examined the developmen-
tal defects due to the presence, in rearing media, of this
speciﬁc toxicant [13,14]. However, few studies consider
the ability of sea urchin larvae to accumulate contami-
nants during development [15]. Therefore, the sea urchin
developmental model oﬀers an excellent opportunity to
investigate the possible adaptive response of cells ex-
posed to cadmium during diﬀerentiation. Furthermore
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able to respond to many stresses by synthesizing a set
of highly conserved proteins, the hsps [16,17] and/or me-
tallothioneins [18,19]. We have recently shown that con-
tinuous exposures of Paracentrotus lividus sea urchin
embryos to subacute/sublethal cadmium concentrations
cause a number of abnormalities, such as a general de-
velopmental delay, reduced gut elongation, and skeleton
defects [19].
In this paper we investigated if cadmium chloride in-
duces the synthesis of a speciﬁc set of stress proteins
(hsps) in exposed embryos. In addition, we examined
the relationship between the abnormalities triggered by
cadmium chloride on embryo development and the
expression of hsps. Lastly, we explored the possibility
that hsps over-expression may be able to rescue embryo
development after cadmium removal.Materials and methods
Embryo culture, treatment, and labeling. Gametes were collected
from gonads of the sea urchin P. lividus harvested from the West coast
of Sicily. Brieﬂy, eggs were fertilized and embryos, at a concentration
of 5000ml1, were grown at 18C in Millipore ﬁltered seawater con-
taining antibiotics (50mg/L streptomycin sulfate and 30mg/L penicil-
lin), under gentle rotation. For treatment with CdCl2, embryos were
continuously cultured, after fertilization, in the presence of 105, 104,
and 103M CdCl2, and their development was monitored by optical
microscopy. Embryos were treated for diﬀerent times as indicated in
Results. During the last 45min of each treatment, aliquots of embryo
cultures were labeled with 40lCi/ml L-[35S]methionine (Amersham,
speciﬁc activity 1000Ci/mM). To obtain information on the revers-
ibility of the treatment we performed some experiments in which
cadmium was removed by washing the embryos in normal seawater
after 15, 18, and 21h of exposure. Embryos were then allowed to de-
velop in seawater for 24h and metabolically labeled during the last
45min, as above described.
One- and two-dimensional electrophoretic analysis of samples. Control
and treated embryos were Dounce homogenized in lysis buﬀer [20] in-
cluding the protease inhibitor cocktail (complete, Mini, EDTA-free
protease inhibitor cocktail tablets—Roche). The amount of radioactive
[35S]methionine incorporated into proteins was determined by TCA
precipitation and measured by a scintillation counter (Beckman). Equal
amounts of samples (40lg) were analyzed by one-dimensional
SDS–PAGE, performed on 10% slab gels. Two-dimensional gel elec-
trophoresis was carried out as described [17]; the ﬁrst dimension was
performed on cylindrical gels containing 1.6%, pH 5–7, and 0.4%, pH
3–10, ampholytes (LKB), loaded with equal amounts (150lg) of
proteins, and run overnight at 300V. The second dimension was per-
formed on 10% SDS–polyacrylamide slab gels and run for 5h at 100V.
Molecular weights for mono- and two-dimensional gels were evaluated
by comparison with a set of 14C-labeled standard proteins (Rainbow
14C-methylated protein molecular weight markers, Amersham). Gels
were then soaked with 2,5-diphenyloxazole in dimethyl sulfoxide
solution, dried, and ﬁnally exposed for autoradiography to ﬁlms
(Hyperﬁlm MP—Amersham).
Western blotting. After electrophoresis in 8% SDS–PAGE, proteins
were transferred to Hybond-ECL nitrocellulose membranes (Amer-
sham) using a semidry apparatus (Novablot, Pharmacia), in 24mM
Tris–1M glycine–20% methanol, at 0.8mA/cm2 for 2h. Filters were
ﬁrst pre-incubated for 2h in a blocking solution: 5% non-fat dried
milk in Tris-buﬀered saline–0.05% Tween 20 (TBS-T), washed once inTBS-T, and then incubated for 1h with the speciﬁc antibody:anti-
hsp60 (human) and anti-hsp70 (bovine) mouse monoclonal antibodies
(Sigma) diluted 1:500 and 1:5000, respectively, in TBS-T. After
removal of non-speciﬁc complexes by three washes in TBS-T and two
washes in TBS, ﬁlters were incubated for 1h with anti-mouse
IgG-horseradish peroxidase linked whole antibody (Amersham) di-
luted 1:10,000 in TBS. Bands were detected by chemiluminescence
using a SuperSignal West Pico Chemiluminescent Substrate (Pierce)
and Hyperﬁlm ECL ﬁlms (Amersham). Chemiluminescent markers
used were Magic Mark (Invitrogen).Results
Paracentrotus lividus embryos were divided into three
diﬀerent batches just after fertilization, continuously
cultured in the presence of 105, or 104, or 103M
CdCl2, and harvested after 9 or 24h of development.
At the end of the treatments, some embryos were meta-
bolically labeled with [35S]methionine, during the last
45min, and others were utilized for morphological ob-
servations. Fig. 1A shows that the treatment of embryos
with 103M CdCl2 for 9h induces the synthesis of 72–
70kDa proteins. After 24h of treatment, a general re-
duction in the protein synthesis pattern of embryos
treated with 104 and 103M CdCl2 was detected.
Moreover, the activation of the speciﬁc synthesis of
90, 72–70, 56, 28, and 25kDa proteins in embryos treat-
ed with 103M CdCl2 was found.
In order to correlate the observed stress protein in-
duction to defects in embryo development, we per-
formed a statistical analysis of the morphological
observations carried out on 100 embryos for each exper-
imental point: the frequencies of developmental defects
are reported in Figs. 1B and C. We found that embryos
exposed to 105M cadmium concentrations developed
until the swimming blastula stage (about 9h of develop-
ment), with no signiﬁcant diﬀerences with respect to
controls, while some embryos exposed to 104 or
103M cadmium showed a delay in embryo develop-
ment (Fig. 1B). When control embryos reached the late
gastrula stage (about 24h of development), cadmium-
exposed embryos exhibited defects in development (not
shown). The frequency and the severity of abnormalities
increased with the increase of CdCl2 concentration in
the seawater. At the highest cadmium concentration
used (103M CdCl2) about 70% of the embryos were
found delayed at the early gastrula stage and about
30% at blastula stage (Fig. 1C).
On the basis of these results it appears that the high-
est cadmium chloride concentration and 24h of treat-
ment have the most signiﬁcant eﬀects both on
biochemical and morphological parameters. However,
it should be considered that such a high cadmium con-
centration is needed in order to produce an eﬀect in a
fast-developing embryo, as the sea urchin.
Thus, we decided to treat embryos with 103M CdCl2
with exposure times for 15–30h in order to better deﬁne
Fig. 1. Continuous exposure to diﬀerent cadmium chloride concentrations induces the synthesis of speciﬁc stress proteins and aﬀects embryo
development. Autoradiography of mono-dimensional gel electrophoresis of lysates from 35S-metabolically labeled embryos continuously exposed to
105, 104, and 103M cadmium chloride and harvested after 9 and 24h post-fertilization, when controls reached the blastula and gastrula stages,
respectively. (A) Morphological analysis of sea urchin embryos exposed continuously to diﬀerent CdCl2 concentrations for 9h (B) or 24h (C).
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um accumulation. Results of experiments in which em-
bryos were treated with 103M CdCl2 for 15, 18, and
21h are shown in Fig. 2. SDS–PAGE analysis of same
amounts of proteins per lane showed a general reduction
in the protein synthesis pattern and the over-expression
of speciﬁc 72–70, 56, and 25kDa proteins (Fig. 2A).
The proteins at 90 and 28kDa were not found because
they can be detected only after a lengthy exposure to cad-
mium. Quantiﬁcation of major stress-induced proteins
obtained by densitometric scanning of the auto-radio-
graphic ﬁlm is reported in Fig. 2B. In the histogram,
the values, expressed in arbitrary units, show that the
levels of 72–70, 56, and 25kDa proteins increased during
time of exposure. Speciﬁcally, 72–70 and 56kDa levels
show a major increase after 15h and continue to increaseat a lower rate at 18 and 21h of exposure. On the con-
trary, an increase in the levels of 25kDa protein is found
in all cases, in a direct relationship to times of exposure
to cadmium. Since prolonged times of treatment (30h)
produced a lethal eﬀect on embryos, it was not possible
to evaluate their protein synthesis pattern.
As we found that, an 18h treatment with cadmium
was suﬃcient enough to produce a strong induction in
stress protein expression, but, at the same time, did
not have harmful eﬀects on embryo development, we
choose this length of treatment for further analyses.
Then, proteins were analyzed by a 2D gel as shown in
Fig. 3. The major ﬁndings were: ﬁrst, the 56kDa band
observed in the mono-dimensional electrophoresis is
resolved in a series of isoforms ranging from neutral
to acidic isoelectric points; second, the 25kDa band
Fig. 2. Deﬁnition of the temporal window of sensitivity to cadmium chloride exposure. Mono-dimensional gel electrophoresis of lysates from 35S-
metabolically labeled embryos exposed to 103M CdCl2 for the indicated time lengths (A). The histogram (B) shows the quantiﬁcation of the major
stress-induced proteins, obtained by a densitometric scanning of the ﬁlter shown in (A).
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isoforms having basic-neutral isoelectric points. The 72–
70 and 90kDa proteins were resolved in a limited num-
ber of isoforms having more acidic isoelectric points
than other proteins activated by cadmium treatment.
The above-mentioned ﬁndings seem to indicate that
the proteins induced by cadmium treatment could be-
long to the heat shock protein class and known to be dif-
ferently induced in response to various stress events, as
previously shown [17,21–23]. To conﬁrm this hypothe-
sis, Western blot analysis using heterologous anti-Fig. 3. Cadmium chloride induced the synthesis of several stress proteins
lysates from 35S-metabolically labeled 18-h-old embryos, control (A) and exhsp70 and anti-hsp60 antibodies, previously shown to
cross-react with sea urchin embryo proteins, was per-
formed on lysates from embryos treated with 103M
CdCl2. It should be pointed out that the anti-hsp70 an-
tibody used is able to recognize both hsp70 constitutive
and inducible forms [24] and the anti-hsp60 antibody
used recognizes as homologous a sea urchin hsp56
[25]. We found that antibodies recognize speciﬁcally
the 72–70 and 56kDa proteins, respectively, demon-
strating in addition a discrete increase in the protein
levels in embryos treated for 15–21h (Fig. 4).isoforms. Autoradiography of two-dimensional gel electrophoresis of
posed to 103M CdCl2 (B).
Fig. 6. Perturbations of skeletogenesis in partially recovering embryos
after cadmium removal. Control pluteus embryos cultured in normal
seawater for 45h (A,B); after exposure to 103M CdCl2 for 21h,
Fig. 4. Sea urchin embryos respond to cadmium chloride exposure by
the expression of heat shock proteins. Western blot analysis of total
lysates from embryos continuously treated with 103M CdCl2 for 15,
18, and 21h and 21-h-old controls reacted with anti-hsp60 and anti-
hsp70 speciﬁc antibodies.
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is conserved after cadmium chloride removal, embryos
were ﬁrst treated with 103M CdCl2 for 15, 18, and
21h, then washed with fresh seawater, allowed to devel-
op for other 24h, and analyzed. We found that, while
there was a general recovery in the rate of total protein
synthesis, the 25kDa protein continued to be expressed
at high levels; the 90kDa, the 72–70 hsp, and the 56 hsp
were still synthesized, even if at low levels (Fig. 5). This
ﬁnding was observed in all the samples tested, regardless
of the time of exposure to cadmium.
Interestingly, the recovery of total protein synthesis
was not always coupled to a recovery of embryo mor-
phological development. Embryos treated for 15h with
cadmium, observed 24h later, showed a general delay
in development; while 48h later they were similar to
controls (not shown). Embryos treated for 21h and cul-Fig. 5. Recovery of protein synthesis pattern and partial induction of
stress proteins after cadmium removal. Autoradiography of mono-
dimensional gel electrophoresis of lysates from 35S-metabolically
labeled embryos continuously exposed to 103M CdCl2 for the
indicated time lengths and allowed to develope in physiological
conditions for another 24h.
embryos were cultured in normal seawater for another 24h (C,D) and
48h (E,F). Bar=25lm (A,B) and 50lm (C–F).tured for other 24 or 48h under physiological conditions
(no cadmium) showed a general delay in development
as they were found at the gastrula stage. In addition,
aberrant morphologies for at least 30% of the scored
embryos were found: in fact, while control embryos were
well-formed late pluteus (Figs. 6A and B), embryos from
which cadmium was removed for 24h (Figs. 6C and D)
or 48h (Figs. 6E and F) had a severe impairment of
skeleton development.Discussion
In this study we demonstrate that cadmium chloride
induces the synthesis of a speciﬁc set of stress proteins
in embryos continuously exposed to sublethal concen-
trations of this metal. The correlation between the
induced hsps and cadmium concentrations coupled to
periods of exposure has been demonstrated by mono-
and two-dimensional electrophoretic analysis on meta-
bolically labeled embryos. We found that 9h of exposure
are suﬃcient to induce the synthesis of 70 and 72 hsps,
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duction of hsp56 and 25kDa synthesis. In all cases an
increase in their synthesis levels is observed for longer
times of exposure (from 18 to 24h).
Moreover, the levels of protein synthesis remain
high even when the stimulus is withdrawn from the cul-
ture for 24h. This ﬁnding is in agreement with reports
describing the capacity to induce stress protein produc-
tion in the recovery period, even after the removal of
cadmium, in another marine invertebrate [26]. When
the accumulation of hsps during time was monitored
by Western blot analysis, we found that their amounts
were higher than those of controls for long periods of
treatment.
Several authors demonstrated that cadmium is likely
to involve mitochondria as a target, since micromolar
concentrations have a direct eﬀect on increasing perme-
ability of the inner membrane in rat liver mitochondria
[27,28]. However, little is known about the cause/eﬀect
relationship between the cadmium-induced response
and the mitochondrial chaperonine (hsp60) expression.
Some authors have demonstrated the hsp60 induction
in response to cadmium in hepatoma cells [29]; in addi-
tion, others have proposed hsp60 as a potential biomar-
ker to toxicant stress in nematode [9]. We have
previously shown that P. lividus embryos subjected to
heat shock increased the synthesis levels of hsp56, a mi-
tochondrial chaperonine belonging to the hsp60 family
[25,30].
In the present study we demonstrated for the ﬁrst
time that the induction of hsp56 is related to increased
concentrations of cadmium to which sea urchin embryos
are exposed and described also the induction of a new
stress protein, having an apparent molecular size of
25kDa. It should be noted that the increase in the rate
of synthesis observed for the last is continuous and con-
stant over time of treatment; moreover, the synthesis
levels remain high even after the removal of cadmium.
Therefore, at least in our model system, it appears that
the 25kDa is speciﬁcally enhanced by cadmium. Inter-
estingly, in renal epithelial cells a hsp27 has been de-
scribed to be induced, in association with hsp70 and
metallothionein, by micromolar cadmium concentra-
tions [31]. If the sea urchin 25kDa protein, shown to
be induced by cadmium in this study, belongs to the
small hsp family remains to be veriﬁed. Conﬁrmation
of this hypothesis would necessitate performing im-
mune-detection studies, thus requiring antibodies specif-
ic for sea urchin or cross-reacting, which are not
currently available.
It has been demonstrated that the ability of sea ur-
chin embryos to synthesize hsps represents a general
protective strategy against many stress-inducing agents
including heat shock [16,17,32], heavy metals [17,21],
and others [22,23]. Moreover, diﬀerent stress-inducing
agents enhance the expression of diﬀerent hsps [33–35].For example, it is known that in the chick embryo, the
induced protein expression patterns are depending on
the kind of heavy metal used for the assay [36]. In the
sea urchin embryo subacute/sublethal cadmium concen-
trations are also able to enhance the expression of the
metallothionein gene, as demonstrated in our previous
paper [19]. Similarly, the expression of a gene encoding
for metallothionein was also shown to be strongly in-
creased after exposure to cadmium in the marine sponge
Suberites domuncula [37]. It is known that together with
hsp70 and metallothionein genes, a member of the
BAG-3 gene family is over-expressed in cells exposed
to heavy metals and appears to play a dual role in pre-
venting cell death and contributing to the cellular de-
fence response to stress [38]. It should be recalled that
hsp proteins increase resistance to apoptosis as shown
by several authors which demonstrated that an increase
in the cellular levels of hsp27 and/or hsp70 allows cells
to survive to otherwise lethal conditions [39,40].
Last, analysis of morphological defects upon cadmi-
um exposure demonstrated no impairment of embryo
development at low CdCl2 concentration tested. On
the other hand, very high CdCl2 concentrations for long
times of exposure lead to abnormal development with
serious defects in skeleton elongation and patterning.
These results are in agreement with those reported pre-
viously and matching with measurements of heavy metal
contents found in P. lividus embryos [14,15,19]. Further-
more, we deﬁned the temporal window within which the
eﬀects of cadmium were reversible: embryos exposed for
shorter than 21h to cadmium could be rescued by the re-
moval of the ion; thus, reinforcing the concept of a time-
dependent eﬀect of cadmium exposure. In conclusion,
the hsps diﬀerential time-dependent expression suggests
the existence of a speciﬁc sequential cross talk among
stress proteins in response to exogenous stress condi-
tions. Since these chaperones modulate cell death and
survival pathways, the overall balance of the pathways
as well as their interplay determine whether embryos ex-
posed to cadmium will die or become stress tolerant and
survive. In addition, our ﬁndings conﬁrm that in the sea
urchin embryo hsps expression represents a sensitive bi-
omarker to detect environmental pollution caused by
heavy metals.Acknowledgments
We thank Mr. Morici for technical assistance in the
preparation of the manuscript ﬁgures. This work was
partially supported by 60% MIUR to M.C. Roccheri
and by EU program to V. Matranga, Contract No.
EVK3-CT-1999-00005; R. Bonaventura has been fully
supported by the above-mentioned grant; partial sup-
port by the ASI project Contract No. I/R/073/01 is also
acknowledged.
86 M.C. Roccheri et al. / Biochemical and Biophysical Research Communications 321 (2004) 80–87References
[1] M. Waisberg, P. Joseph, B. Hale, D. Beyersmann, Molecular and
cellular mechanisms of cadmium carcinogenesis, Toxicology 192
(2003) 95–117.
[2] S.J. Stohs, D. Bagchi, E. Hassoun, M. Bagchi, Oxidative
mechanisms in the toxicity of chromium and cadmium ions, J.
Environ. Pathol. Toxicol. Oncol. 20 (2001) 77–88.
[3] M. Shimizu, J.F. Hochadel, M.P. Waalkes, Eﬀects of glutathione
depletion on cadmium-induced metallothionein synthesis, cyto-
toxicity, and proto-oncogene expression in cultured rat myoblasts,
J. Toxicol. Environ. Health 51 (1997) 609–621.
[4] S.W. Yang, F.F. Becker, J.Y. Chan, Inhibition of human DNA
ligase I activity by zinc and cadmium and the ﬁdelity of ligation,
Environ. Mol. Mutagen. 28 (1996) 19–25.
[5] H.C. Schro¨der, H.M.A. Hassanein, S. Lauenroth, C. Koziol,
T.A.A. Mohamed, M. Lacorn, H. Steinhart, R. Batel, W.E.G.
Mu¨ller, Induction of DNA strand breaks and expression of HSP70
and GRP78 homolog by cadmium in the marine sponge Suberites
domuncula, Arch. Environ. Contam. Toxicol. 36 (1999) 47–55.
[6] J.W. Bauman, J. Liu, C.D. Klaassen, Production of metallothi-
onein and heat-shock proteins in response to metals, Fundam.
Appl. Toxicol. 21 (1993) 15–22.
[7] A.M. Courgon, C. Maisonhaute, M. Best-Belpomme, Heat shock
proteins are induced by cadmium in Drosophila cells, Exp. Cell
Res. 153 (1984) 515–521.
[8] K. Guven, D.I. DePomerai, Diﬀerential expression of HSP70
proteins in response to heat and cadmium in Caenorhabditis
elegans, J. Therm. Biol. 20 (1995) 355–363.
[9] J.E. Kammenga, M.S.J. Arts, W.J.M. Oude-Breuil, Hsp60 as
potential biomarker of toxic stress in the nematode Plectus
acuminatus, Arch. Environ. Contam. Toxicol. 34 (1998) 253–258.
[10] D. Kim, S. Somji, S.H. Garrett, M.A. Sens, D. Shukla, D.A.
Sens, Expression of hsp27, hsp60, hsc70, and hsp70 by immor-
talized human proximal tubule cells (HK-2) following exposure to
heat shock, sodium arsenite, or cadmium chloride, J. Toxicol.
Environ. Health 63 (2001) 475–493.
[11] G. Pagano, A. Esposito, G.G. Giordano, Fertilization and larval
development in sea urchins following exposure of gametes and
embryos to cadmium, Arch. Environ. Contam. Toxicol. 11 (1982)
47–55.
[12] M. Guillou, F. Quiniou, B. Huart, G. Pagano, Comparison of
embryonic development and metal contamination in several
populations of sea urchin Sphaerechinus granularis (Lamarck)
exposed to anthropogenic pollution, Arch. Environ. Contam.
Toxicol. 39 (2000) 337–344.
[13] D.W. Au, C.Y. Lee, K.L. Chan, R.S. Wu, Reproductive impair-
ment of sea urchins upon chronic exposure to cadmium. Part I:
eﬀects on gamete quality, Environ. Pollut. 111 (2001) 1–9.
[14] N. Fernadez, R. Beiras, Combined toxicity of dissolved mercury
with copper, lead and cadmium on embryogenesis and early larval
growth of the Paracentrotus lividus sea urchin, Ecotoxicology 10
(2001) 263–271.
[15] G. Radenac, D. Fichet, P. Miramand, Bioaccumulation and
toxicity of four dissolved metals in Paracentrotus lividus sea-
urchin embryo, Mar. Environ. Res. 51 (2001) 151–166.
[16] M.C. Roccheri, M.G. Di Bernardo, G. Giudice, Synthesis of heat
shock proteins in developing sea urchins, Dev. Biol. 83 (1981)
173–177.
[17] M.C. Roccheri, D. Cascino, G. Giudice, Two-dimensional elec-
trophoretic analysis of stress proteins in Paracentrotus lividus, J.
Submicrosc. Cytol. Pathol. 25 (1993) 173–179.
[18] R. Scudiero, C. Capasso, F. Del Vecchio-Blanco, G. Savino, A.
Capasso, A.. Parente, Isolation and primary structure determina-
tion of a metallothionein from Paracentrotus lividus (Echinoder-
mata, Echinoidea), Comp. Biochem. Physiol. 111 (1995) 329–336.[19] R. Russo, B. Ronaventura, F. Zito, H.C. Schro¨der, I. Mu¨ller,
W.E.G. Mu¨ller, V. Matranga, Stress to cadmium monitored by
metallothionein gene induction in Paracentrotus lividus embryos,
Cell Stress Chaperones 8 (2003) 232–241.
[20] P.H. OFarrel, High resolution two-dimensional electrophoresis of
proteins, J. Biol. Chem. 250 (1975) 4007–4021.
[21] M.C. Roccheri, M. La Rosa, M.G. Ferraro, M. Cantone, D.
Cascino, G. Giudice, G. Sconzo, Stress proteins by zinc ions in
sea urchin embryos, Cell Diﬀ. 24 (1988) 209–213.
[22] C. Casano, M.C. Roccheri, K. Onorato, D. Cascino, F.
Gianguzza, Deciliation: a stressful event for Paracentrotus
lividus embryos, Biochem. Biophys. Res. Commun. 248 (1998)
628–634.
[23] M.C. Roccheri, K. Onorato, C. Tipa, C. Casano, EGTA treatment
causes the synthesis of heat shock proteins in sea urchin embryos,
Mol. Cell Biol. Res. Commun. 3 (2000) 306–311.
[24] G. Sconzo, G. Amore, G. Capra, G. Giudice, D. Cascino, G.
Ghersi, Identiﬁcation and characterization of constitutive hsp75 in
sea urchin embryos, Biochem. Biophys. Res. Commun. 234 (1997)
24–29.
[25] M.C. Roccheri, L. Bosco, M.E. Ristuccia, D. Cascino, G. Giudice,
A.O. Oliva, A.M. Rinaldi, Sea urchin mitochondrial matrix
contains a 56-kDa chaperonine-like protein, Biochem. Biophys.
Res. Commun. 234 (1997) 646–650.
[26] M. Radlowska, J. Pempkowiak, Stress-70 as indicator of heavy
metals accumulation in blue mussel Mytilus edulis, Environ. Int.
27 (2002) 605–608.
[27] E.A. Belyaeva, V.V. Glazunov, E.R. Nichitina, S.M. Korotkov,
Bivalent metal ions modulate Cd2+ eﬀects on isolated rat liver
mitochondria, J. Bioenerg. Biomembr. 33 (2001) 303–318.
[28] D.J. Dorta, S. Leite, K.C. De Marco, I.M. Prado, T. Rodrigues,
F.E. Mingatto, S.A. Uyemura, A.C. Santos, C. Curti, A proposed
sequence of events for cadmium-induced mitochondrial impair-
ment, J. Inorg. Biochem. 97 (2003) 251–257.
[29] F.A. Wiegant., J.E. Souren, J. van Rijn, R. van Wijk, Stressor-
speciﬁc induction of heat shock proteins in rat hepatoma cells,
Toxicology 94 (1994) 143–159.
[30] M.C. Roccheri, M. Patti, M. Agnello, F. Gianguzza, E. Carra,
A.M. Rinaldi, Localization of mitochondrial hsp56 chaperonin
during sea urchin development, Biochem. Biophys. Res. Com-
mun. 287 (2001) 1093–1098.
[31] R.T. Bonham, M.R. Fine, F.M. Pollock, E.A. Shelden, Hsp27,
hsp70, and metallothionein in MDCK and LLC-PK1 renal
epithelial cells: eﬀects of prolonged exposure to cadmium, Toxicol.
Appl. Pharmacol. 191 (2003) 63–73.
[32] G. Giudice, G. Sconzo, M.C. Roccheri, Studies on heat shock
proteins in sea urchin development, Dev. Growth Diﬀer. 41 (1999)
375–380.
[33] M. Wagner, I. Hermanns, F. Bittinger, C.J. Kirkpatrick, Induc-
tion of stress proteins in human endothelial cells by heavy metal
ions and heat shock, Am. J. Physiol. 277 (1999) L1026–L1033.
[34] C. Casano, M.C. Roccheri, L. Maenza, S. Migliore, F. Gianguzza,
Sea urchin deciliation induces thermoresistance and activates the
p38 mitogen-activated protein kinase pathway, Cell Stress Chap-
erones 8 (2003) 70–75.
[35] V. Matranga, R. Bonaventura, G. Di Bella, Hsp70 as a stress
marker of sea urchin coelomocytes in short term cultures, Cell.
Mol. Biol. 48 (2002) 345–359.
[36] A.D. Papaconstantinou, K.M. Brown, B.T. Noren, T. McAlister,
B.R. Fisher, P.L. Goering, Mercury, cadmium, and arsenite
enhance heat shock protein synthesis in chick embryos prior to
embryotoxicity, Birth Defects Res. Part B Dev. Reprod. Toxicol.
68 (2003) 456–464.
[37] H.C. Schro¨der,K. Shostak,V.Gamulin,M.Lacorn,A. Skorokhod,
V. Kavsan, W.E.G. Mu¨ller, Puriﬁcation, cDNA cloning and
expression of a cadmium-inducible cysteine-rich metallothionein-
M.C. Roccheri et al. / Biochemical and Biophysical Research Communications 321 (2004) 80–87 87like protein from the marine sponge Suberites domuncula, Marine
Ecol. Progr. Ser. 200 (2000) 149–157.
[38] M.G. Pagliuca, R. Lerose, S. Cigliano, A. Leone, Regulation by
heavy metals and temperature of the human BAG-3 gene, a
modulator of hsp70 activity, FEBS Lett. 541 (2003) 11–15.[39] A. Samali, T.G. Cotter, Heat shock proteins increase resistance to
apoptosis, Exp. Cell Res. 223 (1996) 163–170.
[40] C. Garrido, E. Schmitt, C. Cande, N. Vahsen, A. Parcellier, G.
Kromer, Hsp27 and hsp70: potentially oncogenic apoptosis
inhibitors, Cell Cycle 2 (2003) 579–584.
